Introduction: Calcium oxalate supersaturation is regularly exceeded in the plasma of patients with end-stage renal disease (ESRD). Previous reports have indicated that hemodialfiltration (HDF) lowers elevated plasma oxalate (P Ox ) concentrations more effectively compared with hemodialysis (HD). We reevaluate the therapeutic strategy for optimized P Ox reduction with advanced dialysis equipment and provide data on the effect of extended treatment time on dialytic oxalate kinetics.
O xalate is a terminal metabolite whose homeostasis results from the balance of endogenous synthesis, dietary absorption, and urinary excretion, as recently reviewed. 1, 2 With declining kidney function, renal oxalate clearance decreases and oxalate accumulates. [3] [4] [5] [6] [7] In patients with end-stage renal disease (ESRD), plasma oxalate (P Ox ) concentrations frequently exceed the oxalosis cutoff of 30 mmol/l. [8] [9] [10] Elevated P Ox can lead to oxalate deposition in various tissues and can cause organ damage. [11] [12] [13] Both experimental and clinical evidence indicates a possible role of P Ox concentrations in the development of cardiovascular complications in patients with ESRD. For example, elevated P Ox concentrations have been associated with reactive cardiac fibrosis, increased vascular calcification, low lowdensity lipoprotein levels, and elevated hemodynamic parameters (e.g., pulsewave velocity and central aortic blood pressures).
12,14-16 Moreover, unrecognized or insufficiently treated hyperoxalemia pre-and posttransplantation can have severe implications for renal allograft survival. 8, [17] [18] [19] Because the main physiological excretory route for oxalate removal is the kidneys and this route is not available in patients with ESRD, renal replacement therapy (RRT) is the only option to significantly lower P Ox concentrations. Therefore, the efficiency of RRT is critical for lowering P Ox concentrations in patients with ESRD. Hemodialfiltration (HDF) is under extensive investigation for possibly improving clinical outcomes, especially cardiovascular mortality. 20 Research is mainly centered in Europe; only 5 of 40 studies in the latest Cochrane meta-analysis on this topic were conducted in the United States, Canada, or Asia. 20 This may reflect the increasing implementation of HDF in European RRT units, despite continued controversy about its costeffectiveness. [21] [22] [23] [24] [25] [26] Previous reports have indicated that an oxalate elimination of 6 to 10 mmol/1.73 m 2 per week on standard hemodialysis (HD) is inadequate to lower P Ox ; on this regimen, predialysis P Ox values averaged approximately 45 mmol/l. 10, [27] [28] [29] In search of an optimized therapeutic regimen to eliminate P Ox , 3 studies in patients with secondary hyperoxalemia [29] [30] [31] reported higher oxalate clearances with HDF compared with standard HD treatment (Table 1) . By performing HDF, higher intradialytic P Ox reduction and total oxalate extraction, as well as lower postdialysis P Ox concentrations compared with HD, have been described. [29] [30] [31] [32] A P Ox rebound of 9.6% of the postdialysis concentration within 30 minutes was observed. 29 However, dialyzer oxalate clearances in these studies did not exceed 160 ml/min; the maximum intradialytic P Ox reduction was approximately 60%, and dialyzers had smaller surfaces and lower ultrafiltration coefficients compared with dialyzers currently used for patients undergoing maintenance RRT. [29] [30] [31] [32] The positive interaction between diffusive and convective flux on HDF has been suggested to facilitate a higher oxalate extraction rate than the one possible with HD. 29, 32 However, in previous studies, patients remained hyperoxalemic at all times. [29] [30] [31] 33 Advances in dialyzer filter characteristics and machine technologies have improved oxalate clearances on HDF to 220 ml/min, thereby reducing P Ox by up to 92% with 1 RRT session. 34 Another study recently reported a 71% reduction of a mean pre-HD P Ox concentration of 22.3 mmol/l during a single high-flux HD session. 33 These developments warrant a reevaluation of oxalate kinetics under current regular and extended HD and HDF regimens. Therefore, the present pilot crossover trial was designed to provide an up-to-date reference for clinicians about the benefit of highly efficient RRT on P Ox reduction in patients with ESRD.
MATERIALS AND METHODS

Study Population
Patients eligible for this study (i) provided written informed consent, (ii) were aged 18 years or older, (iii) had been on HDF treatment for at least 3 months, (iv) had been medically stable with no infections or hospitalizations in the preceding 3 months, (v) had a urinary output of <300 ml/24 h, (vi) an access blood flow of $250 ml/min, (vii) a dialysate flow of $500 ml/ min, (viii) a substitute volume of $20 L on HDF, (ix) underwent dialysis for $4 or $7 hours per session, and (x) received RRT 3 times per week.
The study excluded patients who (i) experienced an acute illness or had been hospitalized in the preceding 3 months, (ii) had a recirculation of >15% (online measurement), or (iii) received single needle dialysis or had a single lumen catheter.
Study Design
A pilot crossover study comparing P Ox concentrations during HD and HDF as primary outcome was performed in 2016. Corresponding with their previous prescriptions, patients were stratified to RRT with a regular treatment time (4À4.5 hours per session, regular RRT) during 3 days per week or extended treatment time (7À7.5 hours per session, extended RRT) during 3 nights per week. RRT is used as an umbrella term when mentioning dialysis in general (i.e., both HD and HDF) throughout this article. As shown in Figure 1 , both groups received 2 weeks of standard HD followed by 2 weeks of HDF. All blood samples were collected at the first treatment after the long dialytic interval. Immediately before starting the first study period on HD, a predialysis plasma sample was obtained to reflect the baseline P Ox concentration on the routine HDF regimen of the patients. At the last treatment session during each study period, the patients were sampled at different time points with respect to the RRT session to assess intradialytic P Ox reduction kinetics with the different RRT modes. Samples on regular RRT were obtained predialysis, at 2 to 2.5 hours after the start of RRT, postdialysis, and 2 hours after the end of RRT. Samples on extended RRT were obtained predialysis, at 4 to 4.5 hours after the start of RRT, postdialysis, and 2 hours after the end of RRT.
To ensure that comparable treatment regimens were administered to all groups, the use of the prescribed RRT equipment, dialysate flow, blood flow, and treatment length were monitored and kept at the target values defined in the study criteria section throughout the study. Dietary intake was restricted as clinically indicated in ESRD, but without special emphasis on dietary oxalate content. Patients were maintained nil p.o. during the 2-hour rebound waiting period. The study protocol was approved by the institutional review board of Friedrich-Alexander-Universität Erlangen-Nürnberg (No. 109_15B) and listed on clinicaltrials.gov (NCT02684656). The study was conducted in compliance with the principles of the Declaration of Helsinki.
RRT Equipment
A 5008 CorDiax dialyzer with a FX100 filter (Fresenius Medical Care; Bad Homburg, Germany) was used for all RRT sessions during the screening period and study. The FX100 uses an advanced Fresenius Polysulfonebased Helixone membrane with an effective surface of 2.2 m 2 and an ultrafiltration coefficient of 73 ml/h Â mm Hg. The RRT modes applied were standard high-flux HD and online high-flux HDF postdilution.
Sample Handling
Plasma samples were collected from the arterial line or via a venous blood draw into S-Monovette EDTA K3 plasma tubes (Sarstedt; Nuembrecht, Germany), immediately put on ice, centrifuged in a precooled Thermo Scientific Heraeus Megafuge 16R (Thermo Fisher Scientific; Waltham, MA) at 3400 rpm for 10 minutes, aliquoted and stored at À80 C within 2 hours. After a maximum storage of 2 days, plasma samples were thawed, filtered through Vivaspin 500 30,000 MWCO PES filter units (Sartorius; Goettingen, Germany), acidified with 20 ml 1N hydrochloric acid per 500 ml of plasma, and refrozen under the same conditions.
Measurement of Plasma Oxalate
Acidified and purified plasma samples were thawed from storage at À80
C and treated with 20 ml of 5 mM NaNO 2 solution per 100 ml of plasma. Oxalate was measured enzymatically using oxalate oxidase (Trinity Biotech; Bray, Co. Wicklow, Ireland), as previously described. 35 The standard procedure was adapted by Litholink Corp. (Chicago, Illinois). The lower limit of detection was 2 mmol/l. The samples were assayed using a Beckman DU 650 Spectrophotometer (Beckman Instruments Inc.; Fullerton, CA) at 590 nm wavelength (no background wavelength). A 0.5 mM oxalate standard (Trinity Biotech) was used to create a new standard curve for every set of measurements, and an independent 10 mM sodium oxalate solution was used as a quality control standard. The coefficient of variation was 4.2% for within-run variation and 12.2% for between-run variation. Randomly selected samples were spot-checked with ion chromatography using a Dionex ICS 2000 system (Dionex; Sunnyvale, CA), as previously described. 36 As shown in Figure 2 , a good 
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correlation between the 2 methods (r ¼ 0.99; P < 0.001) was found.
Individual Plasma Oxalate Variability Assessment
To evaluate the validity of one-time sampling during the different study periods, baseline variability of P Ox concentrations was determined in 5 patients on regular HDF treatment (4À4.5 hours per session). The same inclusion criteria as for the main study were applied. Pre-HDF blood draws were performed immediately before starting the first treatment session after the long dialytic interval in 4 consecutive weeks during October and November 2015. As shown in Figure 3 , all patients had elevated P Ox concentrations at the indicated sampling time points, which were an average of 34.8 AE 9.7 mmol/l. The coefficient of variation for 4 times repeated pre-HDF P Ox concentrations in 1-week intervals ranged between 3.4% and 9.9% for different individuals (Table 2) , which indicated minimal intraindividual variability of predialysis P Ox concentrations on maintenance RRT over time.
Statistical Analysis
Statistical analyses were conducted using IBM SPSS Statistics, version 22.0 (IBM Corp; Armonk, New York). Descriptive statistics were performed, followed by a repeated measures analysis of variance, and paired and unpaired 2-tailed Student's t-tests for comparisons of absolute values and differences within and between subjects, respectively. "F" and "t" stand for "F-statistic" and "T-score." They represent the test statistics used to calculate an analysis of variance and a t-test, respectively. Test statistics provide a measure for how far a sample estimate is from the expected value if the null hypothesis was true. F and t are used to calculate a P value. The higher the test statistic, the more likely a statistically significant P value will result, and the null hypothesis will be rejected. The number in parentheses [e.g., F(1) or t(13)] indicates the degrees of freedom in the calculation and equals the number of observations allowed to vary minus 1. Correlations between parameters were calculated with the parametric Pearson test. A P value of <0.05 was considered statistically significant. Data are expressed as means AE SD.
RESULTS
Patient and RRT Characteristics
Fifteen patients on regular (n ¼ 8) or extended RRT (n ¼ 7) were recruited for this study. After the baseline blood sampling, 1 patient from the extended RRT group was excluded for noncompliance with his minimum treatment time of 7 hours per session. As shown in Table 3 , clinical characteristics at the time of study start differed between groups. However, apart from the differing treatment times of 259 AE 27 minutes on regular and 445 AE 12 minutes on extended RRT, RRT characteristics were largely similar. All patients had arteriovenous fistulas for vascular access. Kinetics of Intradialytic Plasma Oxalate Reduction Individual P Ox reduction curves during RRT grouped by treatment mode are displayed in Figure 4a and summarized in Figure 4b ; the corresponding Table 4 lists the mean P Ox concentrations for the different treatment combinations at the different sampling time points. For most patients, postdialysis P Ox came close to the normal range of 1 to 3 mM observed in healthy subjects, an average of 3.6 AE 2.0 mmol/l for those who underwent regular HD, 3.9 AE 1.9 mmol/l for those who underwent regular HDF, 2.2 AE 1.1 mmol/l for subjects who underwent extended HD, and 3.2 AE 2.0 mmol/l for those who underwent extended HDF. The major decrease of P Ox was noted in the first half of the dialysis session in both the regular and extended groups (i.e., between 0 and 2-2.5 hours and between 0 and 4-4.5 hours, respectively). From beginning to the end of 1 dialysis session, P Ox was lowered by a total of 86.9 AE 5.6% on regular HD and 85. 8-10 A possible reason for this discrepancy might be different methods for oxalate measurements in earlier studies, which yielded higher P Ox concentrations due to higher detection limits and thus higher reference ranges. [29] [30] [31] 37, 38 In vitro oxalogenesis can cause falsely elevated oxalate measurements. The spectrophotometric assay by Ladwig et al. 35 for P Ox was adapted for our measurements and validated with our established protocol for ion chromatography. 36 Another explanation was that RRT is generally more effective today, which leads to lower maintenance P Ox than in earlier studies. Our patients had an average Kt/V of >2 per treatment while Marangella et al. 29 and Mydlík and Derzsiova 30 reported means of 1.26 to 1.6. It was conceivable that our patients achieved a higher Kt/V because HDF, and not conventional HD, was administered during the run-in period. It was also noteworthy that baseline P Ox levels were lower in the extended RRT group. This could suggest that in long-term HDF, extended treatment time might have some benefit over regular treatment time for lowering P Ox levels. Despite a free diet choice during our trial, intraindividual variability of P Ox was minimal and interindividual variability was low, which might indicate that dietary oxalate was probably only a minor determinant of already elevated P Ox concentrations. The low variability could also be a reflection of the uniform and standardized therapy regimen we administered to a homogenous patient population.
Second, independent of the applied treatment mode, we achieved a P Ox reduction of approximately 90% within 1 RRT session. Moreover, we observed postdialysis P Ox concentrations that were almost within the range of P Ox concentrations found in healthy subjects without kidney disease. In previous studies P Ox was also significantly lowered with both HD and HDF, but patients remained hyperoxalemic at all times during and after the treatment session. [29] [30] [31] 33 This implies that both our HD and HDF regimens were more effective than RRT regimens in earlier studies. Although not significant, intradialytic P Ox reduction was slightly more effective on extended HDF. Third, we did not detect any benefit of HDF over HD at lowering predialysis P Ox concentrations. As Mydlik and Derzsiova 30 pointed out, it was difficult to compare previous studies that investigated the influence of HD and HDF on oxalate kinetics: their common confounder was the use of 2 different filter materials, a traditional cellulosic membrane for HD and a synthetic membrane for HDF. [30] [31] [32] In 2 of these studies, 29, 32 HDF duration was shortened because the highly permeable synthetic membrane used for HDF was more efficient than the cellulosic membrane used for HD. Dell'Alquila et al. 32 suggested that different solute-membrane interactions may occur dependent on the filter type used. More recently, it was demonstrated that significantly different oxalate clearances can be achieved with different types of filters. 34 In our study, the same synthetic FX100 filter was used for both treatment modes, and no benefit of HDF over HD for oxalate reduction was detected. It was previously hypothesized that the positive interaction of diffusive and convective qualities on HDF plays a major role in improving oxalate clearance. 32 The uniformity of oxalate kinetics on all treatment modes in our study made it seem more plausible that the membrane was an important determinant of effective and efficient oxalate elimination on current RRT regimens.
It remains possible that a difference in oxalate kinetics using the 2 different RRT modalities would emerge at lower levels of Kt/V than those achieved in our study, closer to the target recommended by the current Kidney Disease Outcomes Quality Initiative Guidelines. 39 The 2-hour P Ox rebound observed in our patients suggested that P Ox quickly starts to rise again postdialysis. This might explain why placing our patients on HDF rather than HD treatment did not result in lower predialysis P Ox concentrations. Whether this rise could be solely explained by intercompartmental shifts is questionable. It was more likely that endogenous oxalate synthesis played a role in achieving such elevated predialysis P Ox concentrations as observed in our patients with ESRD. However, this study was not designed to properly assess oxalate kinetics in the interdialytic period. The lack of benefit of HDF over HD was also consistent with our finding that both HD and HDF effectively reduced P Ox to low levels by the end of dialysis. Intradialytic P Ox reduction correlated strongly with predialysis P Ox . As a consequence, increasing treatment intensity could not reduce the oxalate burden further. However, more frequent sessions could likely provide additional benefit for lowering predialysis P Ox . This may be of relevance to patients who experience primary hyperoxaluria with higher P Ox concentrations and who are in need of reducing the complications of systemic oxalosis or in preparation for transplantation. 40, 41 The goal of our study was to reevaluate P Ox reduction by HD and HDF with up-to-date RRT equipment and to provide pilot data on the effect of extended treatment time on dialytic oxalate kinetics. The results from our study could serve as guidance for the design of subsequent larger trials that include more frequent treatment sessions as a promising intervention strategy.
Our study had several limitations. Only a small number of participants could be recruited from 1 university-based outpatient RRT unit in Germany. All patients were Caucasian, and the sex distribution was not even within the groups. Therefore, it was possible that this study did not adequately reflect oxalate kinetics in a broader RRT-dependent population. We balanced these disadvantages by using a crossover study design. Because every patient served as their own control, the influence of confounding covariates was reduced. In addition, the observed differences in P Ox concentrations with the different treatment modalities were so small that it was questionable whether (i) a higher difference would emerge in a larger study population, and (ii) if so, whether a difference of only a few micromoles per liter would be clinically relevant, as long as predialysis P Ox remained elevated >10 times normal.
Being in the regular or extended RRT group was a preselection that was fixed before the beginning of the study. The heterogeneity of the groups in their clinical characteristics and the relatively small number of patients did not allow for a direct comparison of regular and extended RRT. Thus, oxalate kinetics in the regular and extended groups represented independent observations. Due to the use of online HDF, measuring oxalate removal directly in the spent dialysate was not possible. The crossover design of our trial enabled us to still include "group" as an independent factor in our repeated measures analysis of variance. Also, (i) there was no significant correlation between predialysis oxalate concentrations and any of the clinical variables, and (ii) the RRT characteristics of the two groups were largely similar (Table 3) . It would be of interest to study the influence of extended RRT on oxalate kinetics systematically and in more detail in a larger patient population.
The HDF and HD regimens were not administered in randomized order. However, it was unlikely that carryover effects played a significant role, because a runin phase was conducted, and patients were maintained on the respective treatment regimen for 2 weeks before samples for P Ox measurements were obtained.
In conclusion, our pilot crossover trial provided up-to-date information on oxalate kinetics under regular and extended HD and HDF regimens. P Ox reduction on current standard HD was highly effective and efficient. Based on our data, there was no indication for HDF treatment to improve oxalate elimination in patients with secondary hyperoxalemia.
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